Introduction
Heart failure (HF) with preserved ejection fraction (HFpEF) is a prevalent form of congestive HF. 1 The prevalence of pulmonary hypertension (PH) approximates 60% of HFpEF patients, and is associated with increased morbidity and mortality. 2 In the majority of patients, left ventricular (LV) filling pressures and diastolic function grade can be determined reliably by a few simple echocardiographic parameters with high feasibility. 3 However, a recent report has
shown that routine echo measurements, may have a poor predictive value for the estimation of invasively acquired LV filling pressure, 4 whereas directly measured pulmonary artery end-diastolic pressure are well correlated with pulmonary wedge pressure (PWP) in patients with elevated left filling pressure. 5 Previously, researchers have shown, utilizing simultaneous echocardiography and invasive measurements, that a Doppler method analysing the tricuspid regurgitant velocity spectrum at the time of pulmonary valve opening is a reliable, non-invasive method for estimation of end-diastolic pulmonary artery pressure. 6, 7 Thus, our first aim was to study if the noninvasive estimation of pulmonary end-diastolic pressure has additive prognostic value on top of routine diastolic assessment in patients with preserved ejection fraction (EF). Furthermore, HFpEF patients may be at risk of right ventricular (RV) systolic dysfunction (RVD), 1 for which the functional and prognostic implications are far from clear. In the past years, multiple RV functional indexes have been proposed. 8 Nevertheless, the concordance, sensitivity, specificity and feasibility for RVD, and clinical implications of these parameters are poorly described, specifically in HFpEF. 1 The reason for this is the challenges researches have been facing in the quantitative assessment of RV structure and function. 9 Therefore, the second objective of the study was to analyse the association between right haemodynamic parameters (systolic and diastolic pulmonary artery pressure), RVD functional echo indexes, associated co-morbidities, and the outcomes in patients with preserved EF.
Study design
The study was a retrospective analysis of outcome in all 557 inhospital patients admitted into a tertiary hospital (Tel Aviv Medical Center), irrespective of cause of admission, undergoing a comprehensive predefined echo protocol performed by a single research sonographer (E.E.) between January 2012 and September 2013. All patients were with preserved EF (> _50%), normal sinus rhythm, without significant mitral disease (mitral regurgitation > _ moderate, any degree of mitral stenosis), pericardial or endocardial disease, severe co-morbid or life-limiting conditions (metastatic cancer, endstage lung disease, cirrhosis, or end-stage renal disease). Echo protocol was designed with comprehensive haemodynamic and RV assessment including interrogation of continuous Doppler of tricuspid regurgitation (TR) jet, pulse Doppler of the RV outflow jet, tricuspid annular plane systolic excursion (TAPSE; using M-mode), and multiple views of the right ventricle in all patients. Thus, all patients had sinus rhythm, preserved EF, and no cardiac or systemic comorbidities that may interfere with diastolic assessment or outcome analysis. Survival was analysed from the date of echo evaluation until death or last follow-up.
Baseline clinical assessment and management
Patients' symptoms and co-morbid conditions summarized as the Charlson age-adjusted co-morbidity index 10 were evaluated by the patients' Tel Aviv Medical Centre personal physician. Clinical management was determined independently by the patients and their personal physicians using all information available.
Follow-up and outcomes
Clinical follow-up was obtained by review of medical records. Cause of death was determined by review of all medical records and death certificates. Events used as endpoints were all cause mortality and cardiac mortality.
Doppler-echocardiography
Baseline echocardiography was performed in all patients in a standard manner using the same equipment (iE33; Philips Medical Systems, Bothell, WA, USA). RV qualitative size and function assessment was based on multiple views of the right ventricle (short-axis para-sternal at basal-, mid-, and apical levels; lower para-sternal RV inflow view; apical four-chamber view and, if possible, RV focused; and sub-costal short-axis views). Using these multiple views, an integrative qualitative grading was formulated by the physician responsible for the echo study. TAPSE (a method to measure the distance of systolic excursion of the RV annular segment along its longitudinal plane), was measured using M-mode from a standard apical four-chamber window. From the digital stored images speckle tracking derived free wall strain, end-diastolic area, end-systolic area, TR jet time and right ventricular outflow tract (RVOT) jet time were measured retrospectively, and RV fractional area change (RV FAC) and Tei index were calculated. RV FAC was defined as (end-diastolic area -endsystolic area)/end-diastolic area and was obtained by tracing the RV endocardium in both systole and diastole from the annulus, along the free wall to the apex, and then back to the annulus, along the septum. The Tei index is a global estimate of both systolic and diastolic function of the right ventricle and was defined as [(isovolumic relaxation time þ isovolumic contraction time)/ejection time]. Ejection time was measured using pulsed-wave Doppler of RV outflow (time from onset to cessation of flow), and tricuspid valve closure-opening time was measured using continuous-wave Doppler of the TR jet (time from onset to cessation of the jet). Isovolumic relaxation time and isovolumic contraction time were calculated by subtracting ejection time from TR jet time.
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The end-diastolic pulmonary pressure was estimated based on two methods. In the first, we used the tricuspid velocity at pulmonary valve opening time. 6, 7 In order to verify the velocity exactly at the pulmonary valve opening time, we used the QRS-complex as an objective reference both at the pulmonary and tricuspid measurements. We measured the interval between the onset of the QRS complex on the electrocardiography and the onset of flow in the pulmonary artery. Using the QRS complex as a reference point, this interval was superimposed on the velocity envelope of the tricuspid regurgitant jet. The velocity across the tricuspid valve at this point was measured, and the pressure gradient between the right ventricle and right atrium at the time of pulmonary valve opening (which when added to estimated right atrial pressure is similar to the end-diastolic Figure 1) . In the second, we used the pulmonary valve enddiastolic velocity signal, using the same principles as for the TR signal. Measurements of mitral inflow included the peak early filling (E-wave) and late diastolic filling (A-wave) velocities, the E/A ratio, and deceleration time of early filling velocity. Early diastolic mitral annular velocity (e ' ) was measured in the apical four-chamber view. Left atrial (LA) volume was calculated using the biplane area-length method at end-systole. 3 Forward stroke volume was calculated from the LV outflow tract with subsequent calculation of cardiac output and index.
Speckle tracking echocardiography image acquisition and off-line analysis
Apical grayscale images from one vendor (iE33, Philips Medical Systems, Bothell, WA, USA) were acquired at frame rates of 55-90 frames/s. All raw datasets were transferred to the core laboratory and the images were analysed by a single experienced investigator (L.K.) blinded to the patient's characteristics. Analyses were done using commercial feature-tracking software (2D CPA TomTec Imaging Systems, Unterschleissheim, Germany). In short, after selecting one cardiac cycle with optimal image quality, endomyocardial borders of the right ventricle were manually traced within the end-systolic frame. Secondly, endocardial tracing was automatically generated also at end-diastole by the computer algorithm and, and when necessary, manually adjusted to cover the whole endocardial wall. The tracking algorithm then followed the endocardial speckles during the cardiac cycle. Tracking was accepted only if both visual inspection as well as the software indicated adequate tracking and strain curves. The software automatically divided the apical right chamber views in six segments (three septal and three lateral). Strain curves of two separate cardiac cycles were averaged after equalizing cycle lengths. To determine Speckle-tracking derived RV free-wall longitudinal myocardial strain, the average of the three free wall segments was calculated.
Statistical analysis
Continuous normally distributed parameters were presented as means ± SD and compared using the Student's t-test. Ordinal and/ or non-normally distributed data were presented by median, first, and third quartiles and compared using the Wilcoxon rank-sum test. Categorical data were compared between groups using the v 2 test, or Fisher's exact test. Clinical endpoints were time to death and time to cardiac death. Univariate Cox proportional hazards models for the endpoints allowed calculation of hazard ratios (HRs) attached to routine echo and RV functional and haemodynamic parameters. To assess if Tei index, or end-diastolic pulmonary artery pressure are independently associated with outcome, we used multivariable Cox proportional hazards models for the endpoints (time to death or cardiac death) allowing calculation of HR attached to Tei index or end-diastolic pulmonary artery pressure adjusted as dependent variables and for significant clinical variables, general echo, or RV functional or haemodynamic parameters as independent variables. The independent parameters were grouped into clinical, general echo, LV diastolic, RV functional, or RV haemodynamic parameters because many parameters were significantly correlated. First, a stepwise multivariable Cox regression analysis within each group was performed. The entry criterion was a univariate correlation with P-value <0.05. To detect co linearity, we used correlation factor analyses to determine if any pairs of predictor variables were correlated (correlation coefficients over 0.9). If any such pairs were found, the variable with the lowest univariate P-value was chosen to be included in the analysis. Incremental value of pulmonary artery end-diastolic pressure based on the velocity of PR vs. TR jet, and Incremental value of Tei index vs. other RV functional parameters, for assessment of time to clinical endpoints were tested by comparing nested models with F-tests. Event distributions were calculated according to the Kaplan-Meier method and compared by means of the log-rank test. All P-values were twosided, and values of less than 0.05 were considered to indicate statistical significance. All data were analysed with the JMP System software version 12.0 (SAS Institute, Inc., Cary, NC, USA). All authors participated in designing the study, collecting and analysing data, and drafting and revising the manuscript. 
Inter-observer and intra-observer variability
Inter-observer variability was determined by a second independent blinded observer who measured the end-diastolic pressure and Tei index in 20 randomly selected patients. Intra-observer variability was determined by having the second observer who measured the data in all patients re-measure the Tei index in 20 patients 1 month apart. Inter-observer and intra-observer variability were assessed using the Bland-Altman method and the within-subject coefficient of variation. The within-subject coefficient of variation (calculated as the ratio of the standard deviation of the measurement difference to the mean value of all measurements) provides a scale free, unitless estimate of variation expressed as a percentage.
Results

Baseline characteristics
All echo exams were performed as part of the routine echo practice and the median duration of exams was 25 (18-37) min. Out of 557 patients with preserved EF, 390 patients survived and 167 died. Table 1 shows the baseline characteristics of the 557 patients in the series, overall, and stratified by survival. The comparison in clinical parameters showed that deceased patients were older, more frequently female, had higher creatinine, and higher Charlson's index. Comparison of echocardiographic parameters showed that deceased patients had smaller LV size, advanced diastolic parameters, and lower stroke volume and cardiac output. The comparison for RV parameters showed that most echo parameters of right heart dysfunction were poorer in the patients that died: higher RA pressure, higher systolic pulmonary pressure, higher end-diastolic pulmonary pressure, and higher Tei index and lower speckle tracking derived free wall strain. However, TAPSE, RV end-diastolic and end-systolic size, and RV FAC were similar in both groups.
Outcome after diagnosis
Overall survival was 84 ± 2 and 72 þ 2% at 1 and 3 years, respectively. Parameters associated with mortality are shown in Table 2 . There were 61 cardiac death events during follow-up. Overall rate of cardiac mortality was 11 ± 1% and 19 ± 2% at 1 and 3 years, respectively.
Although estimated RA pressure, systolic TR jet velocity and calculated pulmonary systolic pressure were associated with a lower survival rate, and higher cardiac death rate, addition of TR velocity at the PV opening, and calculated end-diastolic pressure, eliminated all other haemodynamic parameters in nested models and improved model prediction (P < 0.05 for all-cause mortality and cardiac death).
The only RV functional parameters associated with excess allcause mortality in univariate analysis were speckle tracking derived free, TAPSE and Tei index, but not parameters of RV size, or radial (RV FAC) contraction. Kaplan-Meier curves for all-cause mortality stratified by TAPSE < _15, or on Tei index >40% (the values below the American Society of Echocardiography lower limits of normal) are shown in Figure 2 . The only RV functional parameters associated with excess cardiac mortality in univariate analysis were speckle tracking derived free wall strain, Tei index and TAPSE, but not parameters of RV size, or radial (RV FAC) contraction.
Multivariate Cox Hazard analysis ( Table 3) for end-diastolic pulmonary pressure adjusted for routine echo (stroke volume and E/e'), all significant diastolic (E/e', LA volume index, and systolic pulmonary pressure), all significant clinical (age, gender, and Charlson co-morbidity index), and/or all echo, diastolic, and clinical parameters showed that mortality and cardiac mortality hazards ratio of end-diastolic pulmonary pressure calculated from the TR jet remained significant even after adjustment for all significant demographic, diastolic, and echo parameters.
Multivariate Cox Hazard analysis for Tei index adjusted for all other RV echo parameters (TAPSE, RV FAC, and right ventricular end systolic area), and/or significant clinical (age, gender, and Charlson co-morbidity index) showed that mortality and cardiac mortality hazards ratio of Tei index remained significant. However, after adjustment for all other echo (including diastolic) parameters Tei index became non-significant, emphasizing the link between RV dysfunction diastolic dysfunction and elevated left filling pressure (Table 3) .
Intra-observer and inter-observer variability
Comparison of intra-observer for end-diastolic pressure and Tei index showed good agreement between measurements: end-diastolic pressure (mean difference 0.5 ± 2.7 mmHg, r = 0.98, P = 0.9) and Tei index (mean difference 0.02 ± 0.02, r = 0.92, P = 0.2). The BlandAltman plot showed a random scatter of points around 0, indicating no systematic bias or measurement error proportional to the measurement value. Measurement variability [within-subject coefficient of variation and 95% confidence interval (CI) of the Bland-Altman method] for measurements of intra-observer difference was 3.8% for end-diastolic pressure and 6.0% for Tei index.
Comparison of inter-observer for end-diastolic pressure and Tei index showed good agreement between measurements: end-diastolic pressure (mean difference 0.2 ± 1.7 mmHg, r = 0.94, P = 0.8) and Tei index (mean difference 0.02 ± 0.01, r = 0.91, P = 0.3). The BlandAltman plot showed a random scatter of points around 0, indicating no systematic bias or measurement error proportional to the measurement value. Measurement variability (within-subject coefficient of variation and 95% CI of the Bland-Altman method) for measurements of intra-observer difference was 6.1% for end-diastolic pressure and 6.9% for Tei index.
Discussion
On average, 50% of the patients with heart failure have preserved ejection fraction (HFpEF). 1, 9 Parameters which are associated with increased mortality of patients with HFpEF are E/e', 1 LA volume, 1 stroke volume, 1 and pulmonary venous flow pattern. 12 In our study, we focused on two main topics. First, we examined whether the calculated end-diastolic pulmonary pressure based on TR velocity envelope has any additive prognostic value. Second, we assessed numerous methods analysing right ventricle function and their added prognostic value. Our outcome analysis showed that end-diastolic pulmonary artery pressure estimated assessed by the tricuspid regurgitant velocity had additive prognostic value over clinical parameters and classic diastolic parameters assessing LA pressure. However, the 
End-diastolic pulmonary artery pressure
HFpEF is usually the result of impaired LV relaxation and increased LV chamber stiffness, which increase cardiac filling pressures. Thus, when performing an echo study in patients with potential HFpEF, LV filling pressure should be estimated because elevated LV diastolic pressure in the absence of systolic dysfunction, valvular disease, is strong evidence in favour of well-developed HFpEF. 3 Although LV filling pressures can usually be determined by simple echo parameters such as E/e' 3 or pulmonary vein flow pattern, 12 a recent report has shown that these echo measurements, including the E/e' ratio, have a poor to moderate predictive value for the estimation of invasively acquired LV filling pressure. 4 Recently, Angtuaco et al. 6 have shown, utilizing simultaneous echocardiography and invasive measurements, that analysis of the tricuspid regurgitant velocity spectrum at the time of pulmonary valve opening is a reliable, non-invasive method for estimation of end-diastolic pulmonary artery pressure. Thus, we speculated that non-invasive estimation of pulmonary end-diastolic pressure will have additive prognostic value on top of routine diastolic assessment in patients with preserved EF. We found that pulmonary end-diastolic pressure is indeed associated with higher rate of all cause or cardiac mortality. Furthermore, only the end-diastolic pressure had independent incremental predicting value when adjusted for all significant clinical, diastolic, and echo parameters including age, gender, Charlson co-morbidity index, stroke volume, E/e', LA volume index, and TR peak velocity. A possible reason for the superiority of the end-diastolic pulmonary pressure is that although the best way to evaluate LV filling pressures is by measuring the PWP directly, 13 a previous haemodynamic report showed that directly measured pulmonary artery end-diastolic pressure is well correlated with PWP in most patients with elevated left filling pressure and was within 3 mmHg from the latter. 5 Furthermore, because 80% of patients have at least a faint TR signal, the new parameter is easy and achievable in the majority of patients, increasing its statistical power. Another possible reason for the additive prognostic value of end-diastolic pulmonary pressure on top of diastolic grade is that patients with HFpEF may exhibit variable pulmonary vascular phenotypes with some individuals manifesting a 'disproportionate' increase in mean pulmonary pressure relative to LA pressure, a distinction classified according to the diastolic pressure gradient (pressure difference between pulmonary artery diastolic pressure to pulmonary artery wedge pressure) above 7 mmHg. 14 The patients with elevated end-diastolic pressure have combined pre and post-capillary PH that was recently found to be associated with excess mortality and cardiac hospitalizations in patients with HFpEF. 15 Recent data showed that the presence of elevated left-sided filling pressure may result in a less compliant pulmonary circuit for any given resistance. 16 This proximal pulmonary artery stiffening may contribute to remodelling of the distal pulmonary arterial bed as well, because it may lead to high-pulsatility flow with the subsequent induction of endothelial cell dysfunction and smooth muscle cell hypertrophy in distal pulmonary arteries. 17 All these mechanisms combined result in the RV ejecting into a stiff pulmonary vasculature, greatly increasing its after-load, and may result in early RV failure. 
Right ventricle assessment
As mentioned, we used several methods to analyse RV function including speckle tracking derived free wall strain, RV end-diastolic and end-systolic area, RV FAC, TAPSE, and the Tei index. We found a prevalence of RV dysfunction of 35% when defined by TAPSE < _15, or 17% when defined based on Tei index >40%. These results are comparable to the results presented by Mohammed et al. 1 We found that the Tei index had the strongest prognostic value compared to all other RV functional parameters in patients with HFpEF. The only other RV parameter that was associated with poorer prognosis was TAPSE, although it had weaker associations with mortality, or cardiac mortality compared to the Tei index. Our results resemble those presented by the researchers in Mayo Clinic 1 that suggested that TAPSE carries a less potent prognostic implications than other methods to define RV dysfunction. TAPSE in this population may fall out as a predictive factor for clinical outcomes because it is in fact due to contraction of spiral fibres of the septum and not due to the longitudinal fibres of the free wall of the RV. 18 RV FAC better represents the LV contribution to RV function, so the lack of influence of it on clinical outcomes is rather surprising. It may be explained by the fact that it was measured retrospectively from digitally stored images, without the use of contrast, a fact that may reduce the quality of the data. In patients with HFpEF, especially when imaging is performed during tachypnea, visualization of the RV can be complex and problematic even if the exam is performed using RV focused views. On the other hand, Doppler parameters, and especially those that are based on timing like the Tei index can be beneficial because they do not depend on optimal imaging, and do not require optimal Doppler alignment with flow. Furthermore, the Tei index combined diastolic and systolic events, thus it is not surprising that it predicts outcome in patients with HFpEF. Importantly, although the Tei index was superior to other RV functional parameters, it did not have additive prognostic value on top of routine diastolic assessment.
Limitations
Cardiac arrhythmias, especially atrial fibrillation, are a problem because of the irregular heart rate precluding assessment of end-diastolic pulmonary artery pressure. The analysis of the tricuspid regurgitant velocity spectrum at the time of pulmonary valve opening was not optimally recorded in 27% of patients. Speckle tracking derived free wall strain, end-diastolic area, end-systolic area, TR jet time, and RVOT jet time were measured retrospectively from the digitally stored images, without the use of contrast, a fact that may reduce the quality of the speckle tracking derived free wall strain, calculated RV FAC and Tei and their association with outcome. Our study was a cross-sectional epidemiological study and was not designed to investigate the issue of mechanism for the poor prognosis afforded by high end-diastolic pulmonary pressure. This is an important area for future investigation that would require a haemodynamic prospective study. 
Conclusion
Calculated end-diastolic pulmonary pressure based on Doppler assessment of the TR velocity envelope is obtainable in most patients and adds significant prognostic information on top of routine diastolic parameters.
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